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a b s  t  r  a  c t
In this work, a facile approach  to  sensitively  detect  sulﬁde  ions is  developed.  The  proposed  method  is
based on the  ﬁndings  that silver ions  could  oxidize  3,3′,5,5′-tetramethylbenzidine  (TMB) to induce a blue
color and an absorption  peak  centered at  652 nm.  The  introduction  of  sulﬁde  ions  leads  to  the formation
of Ag2S  nanoparticles  which  act  as catalyst to enhance the  oxidation  capacity  of silver  ions, resulting in  a
blue color  burning and  increase  of the  absorbance  at 652  nm.  Based  on  the  above facts,  a  facile  method  is
developed to  qualitatively  and  quantitatively  detect  sulﬁde ions  by  naked  eyes  and  UV–vis spectroscopy,
respectively. The  color  changes  of the detection  system  in  the  presence  of  nanomolar  level  of  sulﬁde  ions
could be distinguished  by naked-eyes,  demonstrating  the  high  sensitivity of  the  method.  Highly  sensitive
detection of  sulﬁde  ions  can  be achieved  in  the range  of  1.0 × 10−9 M  to 8.0  × 10−8 M, with a detection  limit
of 0.2 nM. In  addition,  this method  shows excellent selectivity  toward  sulﬁde  ions  detection  and  has been
successfully applied  to detect  sulﬁde  ions  in  tap  water and lake water  samples. Moreover,  this  method
is simple without the  preparation  of  nanomaterials  and  the need of  complex readout  instruments.
©  2015  Elsevier  B.V.  All  rights  reserved.
1. Introduction
Sulﬁde ions, a kind of widespread environmental contaminant,
are  frequently distributed in natural water and wastewater sam-
ples  where they are either used as a  reactant or are produced as
a  by-product of manufacturing or industrial process [1–4].  Sulﬁde
ions easily generate H2S  gas that is responsible for the corrosion
of  many metals. Moreover, H2S gas is  hazardous for human health
[5–8]. To date, a variety of  analytical techniques, such as electro-
chemistry [8–10], high performance liquid chromatography (HPLC)
[11], inductively coupled plasma-atomic emission spectroscopy
(ICP-AES) [12,13], ﬂuorimetry [1,14–18],  chemiluminescence (CL)
[19–22], capillary electrophoresis [23] have been developed for
the determination of sulﬁde ions. However, the above strategies
are either time-consuming and labor-intensive, or unsuitable for
online analysis that limited their practical use. Therefore, it is  of
great importance to develop rapid, simple and novel methods for
sulﬁde ions detection.
∗ Corresponding author. Tel.: +86 431 85262057; fax:  +86 431 85262057.
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To overcome these disadvantages, colorimetric methods have
received considerable attention since they show the advantages of
rapidity, simplicity along with cost-effectiveness and no require-
ment of any sophisticated instruments [5,24,25].  For examples, Liu
et  al. have designed a colorimetric probe for online analysis of
sulﬁde ions based on the longitudinal surface plasmon resonance
absorption of  gold nanorods [24] and Amir et al. have prepared cop-
per nanoparticles for colorimetric detection of sulﬁde ions in water
samples [5]. Although both of them provide low detection limit, the
tedious handling process limited their real applications. Therefore,
it  is highly urgent needed to develop simple, sensitive and selective
colorimetric methods for sulﬁde ions determination.
In  this paper, a  simple and  novel method to sensitively detect
sulﬁde ions is proposed. Previous reports have shown that silver
ions  could oxidize 3,3′,5,5′-tetramethylbenzidine (TMB) to induce
a blue color and an absorption peak centered at 652 nm [26,27].
The  introduction of sulﬁde ions could combine with silver ions
to obtain Ag2S nanoparticles, leading to the signiﬁcant enhance-
ment of the absorbance. Based on the above facts, a facile method
for  the qualitative detection of sulﬁde ions via visual observation
and quantitative detection of sulﬁde ions via absorbance enhance-
ment is proposed. This method shows the advantages of high
sensitivity and selectivity for sulﬁde ions determination. Moreover,
http://dx.doi.org/10.1016/j.snb.2015.05.066
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the developed method is  simple without the preparation of nano-
materials and the need of complex instruments.
2.  Experimental
2.1. Materials and chemicals
AgNO3 was obtained from Shanghai Chemical Reagent Co., Ltd.
(Shanghai, China). TMB, Na2S·9H2O and acetic acid (HAc) were pur-
chased from Aladdin Reagent Company (Shanghai, China). All of
these reagents were analytical grade and used as received. Ultra-
pure water produced by a  Milli-Q system was used throughout this
work.
2.2.  Apparatus
UV–vis spectra were recorded using a CARY500 UV-vis-
NIR spectrophotometer. Absorbance at  652 nm was  used for
quantitative analysis. Transmission electron microscopy (TEM)
characterization was carried out using a TECNAI G2 high resolu-
tion transmission electron microscope with an energy dispersive
X-ray (EDX) analyzer at  an accelerating voltage of 20 kV.
2.3. Determination of sulﬁde ions
A stock solution of sulﬁde ions (0.1 mM)  was prepared in water
and stored at 4 ◦C  in the refrigerator. Standard test solutions were
prepared by appropriate dilution of the stock solution. For the
detection of sulﬁde ions, 100 L of 1.2 mM AgNO3,  and 10 L of
Na2S solutions with different concentrations, 200 L of 1 mM TMB,
was added sequentially in 690 L  of 0.1 M NaAc buffer solutions
(pH  4.0). After thorough mixing, the solution was  incubating for
at 30 ◦C for 5 min. Then, the solution was transferred for UV–vis
scanning.
To  evaluate the selectivity of the proposed method, 100 L of
1.2  mM AgNO3, and 10 L of Pb2+,  K+,  Cu2+,  Ni2+,  Fe3+, Ca2+, Zn2+,
CO32−, HCO3−, H2PO4−,  HPO42−, SO32−,  PO43−, NO2−,  SO42−,  Br−,
I−, S2O32−, Cl−, F−,  AcO−,  200 L of 1 mM TMB, was  added sequen-
tially in 690 L of 0.1 M NaAc buffer solutions (pH 4.0). Photographs
and UV–vis spectra were recorded after incubating 30 ◦C for 5 min.
3.  Results and discussion
3.1. The mechanism of the sensing system
Note that the solubility product constant of Ag2S  is 6.3 × 10−50
[16], Ag2S was formed after the introduction of sulﬁde ions to
the  solution containing silver ions. TEM and EDX were used to
Fig. 2. Typical absorption spectra of 80 nM sulﬁde ions in the presence of 0.2 mM
TMB (a), 0.12 mM silver ions and 0.2 mM TMB  (b) and 0.12 mM silver ions, 0.2 mM
TMB and 80 nM sulﬁde ions (c). Inset shows the corresponding digital images.
characterize the morphology and the composition of the obtained
Ag2S  nanoparticles. The typical TEM image and EDX characteriza-
tion  of  the obtained Ag2S nanoparticles were shown in Fig. 1.  It
can be seen the Ag2S nanoparticles are spherical, monodisperse
and regular. EDX characterization reveals that the nanoparticles is
composed of Ag and S (the peaks for Cu and C originate from the
copper grid), which may  further demonstrate the formation of Ag2S
nanoparticles.
Based on previous report that Ag2S nanoparticles could catalyze
reduction of sliver ions by various reductants, a possible mecha-
nism  was  proposed [28]. In this system, the addition of Na2S led
to the formation of Ag2S  nanoparticles which could act as catalyst
to  the reduction of sliver ions by TMB. Therefore, it is interesting
to  note that the oxidation capacity of silver ions is enhanced after
the  addition of sulﬁde ions. The silver ions could oxidize the TMB
to  induce a  blue color with an absorbance centered at 652 nm (b,
Fig. 2). After the addition of  sulﬁde ions, a  dramatic increase of the
absorbance is observed (c, Fig. 2).  This process could also be visually
observed by a  brighter blue color (inset, Fig. 2).  It is clearly seen that
the sulﬁde ions alone could not oxidize TMB  (a,  Fig. 2). Therefore, it
may  further demonstrate the obtained Ag2S nanoparticles that act
as  catalyst to induce the oxidation capacity enhancement of silver
ions  (Scheme 1).
Fig. 1. TEM images (A) and EDX (B) of the obtained Ag2S nanoparticles.
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Scheme 1. Illustration of the mechanism of the  proposed method for sulﬁde ions
detection.
3.2. Optimization of detection conditions
Several experimental conditions were optimized prior to the
application of our method for the detection of sulﬁde ions, including
pH value, incubation time and temperature and the concentration
of  TMB  and AgNO3. We used the enhancement of absorbance, that
is, A–A0 (A) as a criterion to optimize the detection conditions,
where A and A0 are the absorbance at 652 nm in the presence and
absence of sulﬁde ions, respectively.
3.2.1. Effect of pH value
Previous reports have shown that the pH plays an important
role in the oxidation capacity of silver ions to TMB  and  the exist-
ing  form of sulﬁde ions. The silver ion shows the best oxidation
capacity around pH 4.0 [27] and the sulﬁde ions are easily
transformed into H2S gas in strong acid environment [5].  Taken
together, the experiments should be done in weak acid condition.
Therefore, the effect of pH on the A  by adopting 0.2 M acetate
buffer solutions with different pH values in the range of 3.8–5.5
was investigated. It is  clearly seen from Fig. 3A that the A  increases
with the pH value ranging from 3.8 to 4.0 and then decreases when
the pH value further increases. The highest A  is obtained at  pH
4.0. Therefore, pH 4.0 is adopted in the following experiments.
3.2.2. Effect of incubation time and temperature
Fig. 3B shows the impact of different incubation time ranging
from 2  min  to 25 min  on oxidation capacity of silver ions. In  brief,
the A  increases gradually with the incubation time varying from
2  min  to 5  min, and begins to decrease when the incubation time
exceeds 10 min, and then stays unchanged after 20 min. Conse-
quently, 5  min is chosen for the sensing system.
Incubation temperature is  another important factor on the A.
The  effect of temperature ranging from 25 ◦C to 50 ◦C was inves-
tigated and shown in Fig. 3C. It is  found that the A reaches the
maximum when the reaction temperature is  ﬁxed at 30 ◦C  and fur-
ther  increase of  the temperature results in the decrease of  A.  Thus,
30 ◦C is  adopted as the optimal incubation temperature.
3.2.3. Effect of TMB and AgNO3 concentration
The effects of the concentration of TMB  and AgNO3 on the
A  were studied and the corresponding results were displayed
in Fig. 3D and E, respectively. The results demonstrate that the
concentration of TMB  and AgNO3 being too high or too low is not
suitable for sulﬁde ions detection. The highest A  is obtained when
the TMB  concentration is  ﬁxed to 0.2 mM and  the AgNO3 concentra-
tion is  0.12 mM.  Therefore, 0.2 mM of TMB  and 0.12 mM of AgNO3
is chosen for the next experiments.
Fig. 3. (A) Effect of pH on the A.  100 L  of 1.2 mM  AgNO3,  10 L  of 0.1 mM Na2S and 200 L  of 1 mM TMB; incubation temperateure, 30 ◦C; incubation time, 5 min. (B) Effect
of different incubation time on the  A.  100 L  of 1.2 mM AgNO3, 10 L of 0.1 mM Na2S and 200 L of 1  mM TMB; pH, 4.0; incubation temperateure, 30 ◦C. (C) Effect of different
incubation temperature on the  A.  100 L of 1.2 mM AgNO3,  10 L of 0.1 mM Na2S and 200 L  of 1  mM TMB; pH, 4.0; incubation time, 5 min. (D) Effect of the  concentration
of TMB  on the A. 100 L of 1.2 mM AgNO3, 10 L of 0.1 mM Na2S; pH, 4.0; incubation temperateure, 30 ◦C; incubation time, 5 min. (E)  Effect of the  concentration of AgNO3
on the A. 10 L of 0.1 mM Na2S, 200 L of 1 mM TMB; pH, 4.0; incubation temperateure, 30 ◦C; incubation time, 5 min.
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3.3. Analytical performance of the sensing system
To  demonstrate the good performance of the proposed method
for  qualitative detection of sulﬁde ions, the color changes of the
silver ions-TMB solution in the absence and presence of various
amounts of sulﬁde ions were recorded by digital camera (Fig. 4A).
The color changes of the silver ions-TMB system induced by sul-
ﬁde ions can be obviously visualized. The solution color turns from
light blue to dark blue with the increase of sulﬁde ions concentra-
tion from 0 nM to 80 nM.  When the concentration of sulﬁde ions is
8.0 nM,  an obvious change could be differentiated from the initial
solution.
In  order to evaluate the sensitivity of  the system for sulﬁde ions
detection, the absorbance at 652 nm is  monitored as a  function
of the concentration of  sulﬁde ions. Under the optimal detection
conditions, the oxidation capacity of silver ions in the absence and
presence of different concentration of sulﬁde ions was  investigated
(Fig. 4B). It is obviously seen that the A  increases gradually with
the  increase of the concentration of sulﬁde ions and no obvious
increase is observed when the concentration of sulﬁde ions is up
to 200 nM (Fig. 4C). Under the optimal conditions, the A  exhibits
a good linear relationship with the concentration of sulﬁde ions
ranging from 1.0 ×  10−9 M to 8.0 × 10−8 M (Fig. 4D).  The regression
equation is A  = 0.0057C (nM) + 0.0520 with a  correlation coefﬁ-
cient of 0.9884. The detection limit can reach as low as 0.2 nM
based on a signal-to-noise ratio of 3,  which is much lower than
many previous reports. Moreover, we compared the characteristics
of the proposed method with other sulﬁde ions detecting methods
reported elsewhere shown in Table 1. The analytical parameters
of  the proposed method are comparable or even better than those
previously reported methods. The repeatability of the sensing sys-
tem was evaluated by ﬁve repeated measurements of 10 nM of
sulﬁde ions, and the relative standard deviation (RSD) was 3.0%,
Table 1
Comparison of this proposed method with the  previous methods for sulﬁde ions
determination.
Methods Linear range Detection limit Reference
Colorimetry/Cu
nanoparticles
12.5–50 M 8.1 M [5]
Colorimetry/Au
nanorods
20–100 M – [24]
Colorimetry/Au
nanoparticles
0.1–1.0 M 100 nM [29]
Colorimetry/Au
nanoparticles
5–15 M 3 M [30]
Fluorimetry/Au/Ag
nanoclusters
0–0.01 M 0.83 nM [14]
Fluorimetry/Ag
nanoclusters
0.01–0.09  M 2 nM [16]
Fluorimetry/carbon
dots
– 0.78 M [31]
Electrochemical
method/CNTa
1.25–112.5 M 0.3 M [32]
Electrochemical
method/Au electrodeb
0.5–12.7 M 0.3  M [33]
This method 1–80 nM 0.2 nM This work
a Carbon nanotube.
b Horseradish peroxidase-thiolate self-assembled monolayer-Au electrode.
demonstrating the reliability of the proposed method. Further-
more, it remains much simpler than the existing method without
the need of preparation of nanomaterials.
3.4.  Interference ability
Under the optimal conditions, the selectivity of the detection
system to Cu2+,  Ni2+,  Fe3+,  Ca2+,  Zn2+,  K+,  Pb2+,  CO32−, HCO3−,
H2PO4−,  HPO42−,  SO32−,  PO43−, NO2−,  SO42−,  F−,  AcO− (8 M);  Br−,
Fig. 4. (A) Photographs of silver ions in the  absence and presence of different amounts of sulﬁde ions. From left  to right: the concentration of sulﬁde ions are 0, 1, 5, 8, 10,
50 and 80 nM,  respectively. (B) UV–vis absorption spectra of the proposed system in the presence of different amounts of sulﬁde ions. (C) Relationship between the  A
and the concentration of sulﬁde ions. The error  bars illustrate the  standard deviations of three independent measurements. (D) The linear relationship between A and the
concentration of sulﬁde ions from 1  nM to  80 nM.  The error bars illustrate the standard deviations of three independent measurements.
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Fig. 5. The selectivity of the proposed method for sulﬁde ions determination. The
concentration of sulﬁde ions is 80 nM;  concentration of Pb2+, K+,  Cu2+,  Ni2+,  Fe3+,
Ca2+, Zn2+, CO32− , HCO3− , H2PO4− ,  HPO42− , SO32− , PO43− ,  NO2− ,  SO42− , F− ,  and
AcO− are 8 M, concentration of Br− , I− , S2O32− , Cl− are 80 nM. The error bars illus-
trate the standard deviations of three independent measurements. Inset shows the
corresponding digital images. 1, control. Control experiments were conducted for
comparison.
I−, S2O32−, Cl− (80 nM)  were studied. Fig. 5 displays the visual color
changes of the silver ions-TMB system in the presence of sulﬁde
ions and other ions. No obvious changes are found after the intro-
duction of other ions, while an obvious change from light blue to
dark blue is observed in the presence of sulﬁde ions. Furthermore,
the A  was calculated to elevate the selectivity of the developed
method. It is clearly observed that the A in the presence of sul-
ﬁde  ions is strikingly larger than that of the other ions though the
concentrations of the other ions are much higher than sulﬁde ions.
All these results have shown that the assessed interferences could
not produce the false signals, suggesting that the interferences have
negligible effect on sulﬁde ions detection and the proposed method
has high selectivity for sulﬁde ions detection.
3.5. Application in real samples
The excellent selectivity and  high sensitivity of the proposed
method suggest it may  be directly applied for sulﬁde ions detection
in real samples. Consequently, we applied this method to detect
trace levels of sulﬁde ions in tap water and lake water samples.
The tap water and lake water samples were spiked with a certain
amount of sulﬁde ions and determined using the proposed method.
The determination results of sulﬁde ions in the tap water samples
were shown in Table 2.  The recoveries of known amount of sulﬁde
ions are in the range of 89.0–104.8% with RSD ranging from 2.2% to
4.9%. The satisfactory results, desirable recoveries and acceptable
RSD values undoubtedly demonstrate the accuracy and reliability of
the proposed method for sulﬁde ions determination in real samples.
Table 2
Determination of sulﬁde ions in tap water and lake water by the proposed method.
Sample Concentration of sulﬁde
ions (nM)
Recovery (%) RSD
(n = 6; %)
Amount added Amount founda
Tap water 10 10.3 ± 0.5 103.1  4.9
50 44.5 ± 1.3 89.0 2.9
Lake water 10 10.1 ± 0.3 101.0  3.0
50 52.4 ± 1.2 104.8  2.2
a Average of six determinations ± standard deviation.
4. Conclusion
In  summary, a  sensitive, selective and reliable colorimetric
method for sulﬁde ions determination in water samples based on
the formation of Ag2S  nanoparticles is  developed. The proposed
method is facile, simple and environmentally friendly, which does
not need to prepare nanomaterials, leading to less laborious. This
method shows a  low detection limit of 8.0 nM by naked eyes and
0.2 nM with the help of UV–vis spectroscopy. In addition, this
method could discriminatively detect sulﬁde ions over other ions.
The  low detection limit, high selectivity and simple determina-
tion procedure make this method convenient for determination of
sulﬁde ions in water samples.
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